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It has been recently shown that the requirement of anomaly cancellation in a (non-
supersymmetric) six-dimensional version of the standard model fixes the field content to the known
three generations. We discuss the phenomenological consequences of the cancellation of the local
anomalies: the strong CP problem is solved and the fundamental scale of the theory is bounded
by the physics of the axion. Neutrinos acquire a mass in the range suggested by atmospheric
experiments.
PACS numbers: 11.15.-q,11.10.Kk,14.80.Mz,14.60.St
I. INTRODUCTION
Anomalies and their cancellation are crucial to our understanding of quantum gauge field theory. They can be used
as a well-motivated selection rule in fixing the field content of a model. The authors of a recent paper [1] consider the
standard model in six space-time dimensions and show that it is possible to predict the number of matter families
(generations) by requiring the cancellation of a global anomaly [2]. The cancellation of the gauge anomalies in six
dimensions is achieved by means of the Green-Schwarz mechanism [3]. In this paper we discuss some phenomenological
consequences of the model introduced in [1].
Axions are necessarily present in the four-dimensional theory after the cancellation of the gauge anomalies in six
dimensions. They provide a solution to the strong CP problem. The experimental constraints on axion couplings yield
bounds on the free parameters of the model, namely, the compactification radius R−1 > 106 TeV. At the same time,
neutrinos acquire a mass of the right order of magnitude by means of a see-saw mechanism with the right-handed
neutrinos required by the cancellation of the gravitational anomaly in the six-dimensional theory.
We only consider the minimal version of the model with two extra dimensions in which standard model fields are
allowed to propagate: the field content of the theory is then completely determined by the requirement of anomaly
cancellation, and no other field, symmetry or additional extra-dimension is introduced.
II. FIELD CONTENT: ANOMALY CANCELLATION
Let us write a (non-supersymmetric) six-dimensional theory, based on the standard model gauge group SU(3)c ×
SU(2)L × U(1)Y ; matter fields are assigned to chiral fermions (projected by (1± Γ7)/2) in the usual representations
of the gauge group Q, L, U , D and E, as shown in Tab. I. A scalar doublet h must be present for the usual Higgs
mechanism to take place. As explained in [1], cancellation of purely gravitational and irreducible gauge anomalies
forces quark singlets to have opposite chirality with respect to doublets, and to introduce a standard-model singlet
N in order to have the same number of fermions of both chiralities. Our (conventional) choice is to assign positive
chirality to doublets and negative to singlets. An alternative choice would be to assign opposite chiralities to leptons
and hadrons: in what follows this would turn in a change of O(1) in the couplings introduced to cancel anomalies,
with minor modifications in the phenomenological consequences of the model.
TABLE I: Fermionic field content for each family. The six-dimensional chirality is the eigenvalue of Γ7.
Chirality U(1)Y SU(2)L SU(3)c
Q + 1/6 2 3
U − 2/3 1 3¯
D − −1/3 1 3¯
L + −1/2 2 1
E − −1 1 1
N − 0 1 1
2Cancellation of global anomalies is obtained with ng = 0 mod 3 copies of this matter content. In particular ng = 3
is in agreement with the experiment [6]. We are thus left with Abelian and non-Abelian reducible gauge anomalies,
that would spoil unitarity unless cancelled by the Green-Schwarz mechanism. Accordingly, to recover non-Abelian
gauge symmetries we must introduce two real antisymmetric tensors BLMN and B
c
MN whose couplings are tuned to
exactly cancel the anomalous terms in the gauge transformations. The BL,cMN fields transform in a non-standard way
under gauge transformation:
δLB
L ≡ − 1
∆ 2
L
ωL2 = − 1∆ 2
L
Tr {β dW} ,
δcB
c ≡ − 1
∆ 2
c
ωc2 = − 1∆ 2
c
Tr {γ dG} . (1)
In Eq. (1), β and γ are the local parameters of SU(2)L and SU(3)c gauge transformations, while ∆L and ∆c are free
mass parameters.
The six-dimensional anomaly free Lagrangian can be written as:
L6D = L6DSM + L6DGS , (2)
where
L6DSM =
∑
ψ¯iγMDMψ − 1
4
FMNF
MN
−1
2
TrLMNL
MN − 1
2
TrVMNV
MN
+(DMh)
†DMh + V (φ†φ) (3)
+
(
YlR L¯hE + YdR Q¯hD
+YuRQ¯h˜U + Yν R L¯h˜N + h.c.
)
+
1
2
MN
(
NTC−1N − N¯CN¯T )
and
L6DGS =
g′ 3R3
16π3
σFMNFRSFPQǫ
MNRSPQ
+
g4R4∆2L
6π3
BLMNTr {LRSLPQ}ǫMNRSPQ
+
g2g′ 2R4∆2L
144π3
BLMNFRSFPQǫ
MNRSPQ
−g
2g′ R3
72π3
σFMNTr {LRSLPQ}ǫMNRSPQ
+
g2sg
′ R3
48π3
σFMNTr {VRSVPQ}ǫMNRSPQ (4)
−g
2
sg
′ 2R4∆ 2c
96π3
BcMNFRSFPQǫ
MNRSPQ
+
g2sg
2R4∆2L
48π3
BLMNTr {VRSVPQ}ǫMNRSPQ
+
g2sg
2R4∆ 2c
48π3
BcMNTr {LRSLPQ}ǫMNRSPQ
+
1
12
HL,cMNSH
L,c MNS .
In Eq. (3), ψ is a generic fermionic chiral fields, DM the covariant derivative on the associated gauge representation,
VMN , LMN and FMN are the field strength tensors of the gauge bosons GM , WM and AM of SU(3)c, SU(2)L and
U(1)Y respectively. L6DSM is the usual standard model Lagrangian, with Lorentz indexes in six dimensions, to which
we are allowed to add a Yukawa interaction also for neutrinos (h˜ = iσ2h
∗) and a Majorana mass term for the singlet
N , which behaves like a right-handed neutrino. The scalar potential V is a power series in φ†φ. The coefficients of
the Green-Schwarz terms in Eq. (4) match the one-loop anomalous terms, computed for six space-time dimensions
in [7].
3The Lagrangian in Eq. (4) contains the (gauge non-invariant) terms required for the cancellation of all reducible
gauge anomalies, and the kinetic terms for the 2-forms BL,cMN , with:
HL,c ≡ dBL,c − 1
∆ 2L,c
ωL,c
3
, (5)
and
ωc3 = Tr {G ∧ V − 13gsR G ∧G ∧G} ,
ωL3 = Tr {W ∧ L− 13gR W ∧W ∧W} .
(6)
The Chern-Simons forms ωc,L
3
are needed to make HL,cMNS invariant, and satisfy the relations δL,cω
L,c
3
= −dωL,c
2
[8].
The presence of the scalar field h can be used to cancel the U(1) anomalies. The Higgs field has been decomposed
in a doublet φ with vanishing hypercharge and a SU(2)L singlet σ writing:
h = φ eiσ . (7)
Under a U(1)Y gauge transformation δσ =
1
2
g′Rα, being α the parameter of the transformation. In unitary gauge
σ = 0, the gauge bosons acquire mass in the standard way and terms proportional to σ in Eq. (4) vanish.
We have not written explicitly the terms that are needed to cancel mixed (gauge-gravitational) anomalies, because
they are not relevant for the phenomenological discussion we are interested in. To achieve the cancellation it is enough
to add for each gauge group couplings of the form
ω3Ω3 +B TrR∧R , (8)
with appropriate coefficients, where B are the antisymmetric tensors BL, Bc and σ F , Ω3 is the gravitational Chern-
Simon form defined by dΩ3 = TrR∧R. R is the Ricci tensor. For details see [4].
We denote by R2 the volume of the compact extra-dimensions, so that the Newton constant is related to the
fundamental scale Mf of the theory by
MPl = RM
2
f . (9)
By writing the dimensionfull couplings as gR yields, after dimensional reduction, the (four dimensional) gauge cou-
plings gs, g and g
′. The only remaining parameters in the Lagrangian are the mass parameters MN , ∆
L, ∆c and the
couplings of the scalar potential.
III. DIMENSIONAL REDUCTION
The two extra dimensions are assumed to be compact, and the underlying geometry flat. Chiral fermions in six
dimensions correspond to Dirac fermions in four dimensions, but chirality is recovered by orbifold projection. We
assume space-time to be
M4 × S
1 × S1
Z2
, (10)
the product of four-dimensional Minkowski and a torus with orbifold Z2 which impose a symmetry under the parity
transformation
Z2 : (y, z)→ (−y,−z) , (11)
where (y, z) are the coordinates on the torus S1 × S1.
In what follows, we assume that we are allowed to work in the limit of dimensional reduction, in which the low-
energy Lagrangian contains only the zero modes of the fields—while higher modes decouple because of their large
masses, proportional to 2π/R. The effects of this simplifying assumption should be checked at the end for consistency
to make sure that the large number of these heavier states do not enhance potentially dangerous operators.
A consistent assignment of Z2-parities makes it possible to have a single massless chiral field out of each ψ; the
projection gives a factor 1/2 in the Green-Schwarz gauge non-invariant terms in Eq. (4). The reduced Lagrangian
also contains the zero modes of h and of the gauge bosons, together with two anti-symmetric tensors BL,cµν , and two
pseudo-scalars bL,c, coming, respectively, from the {0123} and {56} sectors, of the decomposed tensors
BL,cMN → bL,c ≡
√
3/6 ǫMˆNˆ BL,c
MˆNˆ
MˆNˆ = 5, 6 . (12)
4There is no zero mode for the {56} part of the field strength tensors. In four dimensions an antisymmetric tensor is
equivalent to a pseudo-scalar, and we redefine:
∂µc
L,c ≡ i1
6
ǫ νρσµ H
L,c
νρσ . (13)
We use Greek indexes for 4-dimensional quantities.
The spectrum, after integrating out the compact dimensions, is the same as in standard model, with four additional
pseudo-scalar fields cL, cc, bL and bc [5], and the Lagrangian becomes:
L4D = LSM + (Yν L¯H˜N + h.c.)
+
1
2
MN(N
TC−1N − N¯CN¯T )
+
g4R3∆ 2L
6
√
3π3
bL TrLL˜+
g2sg
2R3∆ 2c
48
√
3π3
bc TrLL˜
+
g2g′ 2R3∆ 2L
144
√
3π3
bL FF˜ − g
2
sg
′ 2R3∆ 2c
96
√
3π3
bc FF˜
+
g2sg
2R3∆ 2L
48
√
3π3
bL Tr V V˜ (14)
+
1
2
∂µb
L ∂µbL +
1
2
∂µb
c ∂µbc
+
1
2
∂µc
L ∂µcL +
1
2
∂µc
c ∂µcc
− c
L
3∆ 2LR
TrLL˜− c
c
3∆ 2c R
TrV V˜ .
The Lagrangian LSM in Eq. (14) is the standard model Lagrangian ( in the unitary gauge). The last terms have been
obtained using the (six dimensional) Bianchi identity
dHL,c = − 1
∆ 2L,c
dωL,c
3
, (15)
that in D = 4 gives the equation of motion for the fields cL and cc:
∂µ∂
µcL = − 1
3∆ 2LR
TrLL˜ , (16)
∂µ∂
µcc = − 1
3∆ 2c R
Tr V V˜ .
Only three linear combinations ϕ1, ϕ2 and ϕ3 of the four pseudo-scalars are coupled to gauge fields by means
of axion-like terms, while the orthogonal combination gives rise to a massless free field with no phenomenological
consequence.
IV. AXIONS
After removing the decoupled scalar from the Lagrangian in Eq. (14), we obtain
L4D = LSM + (Yν L¯H˜N + h.c.) (17)
+
1
2
MN(N
TC−1N − N¯CN¯T )
+
1
2
∂µϕ1 ∂
µϕ1 +
1
2
∂µϕ2 ∂
µϕ2 +
1
2
∂µϕ3 ∂
µϕ3
+ϕ1
[
1
FF
1
FF˜ +
1
FL
1
Tr LL˜+
1
FV
1
Tr V V˜
]
+ϕ2
[
1
FF
2
FF˜ +
1
FV
2
Tr V V˜
]
+ ϕ3
1
FV
3
Tr V V˜ ,
5where the constant FF,V,Li are functions of the coefficients in front of the scalar-gauge fields coupling terms in Eq. (14).
The fields ϕi have the same couplings of the Peccei-Quinn axion: they are invariant under translations but for the
coupling to the gauge fields.
The axion solves the strong CP problem [9, 10, 11]: a term in the form
θ¯
αs
8π
TrV V˜ , (18)
which is allowed by the symmetries of non-Abelian gauge theories, would induce an electric dipole moment for neutrons
in conflict with experimental data unless θ¯ < 10−14.
It is not possible to put by hand θ¯ = 0, because of instantonic effects, but the addition of a pseudo-scalar field a
with coupling
αs
8π
1
Fa
aTrV V˜ (19)
and with no tree-level potential gives dynamically
〈a〉
Fa
+ θ¯ = 0 . (20)
In this way, no electric dipole moment is generated, and CP is restored as a good symmetry of the QCD Lagrangian.
There are experimental constraints on the axion couplings coming from the combination of cosmological, astro-
physical and accelerator searches [12]. In order to perform the comparison with the experimental constraints, it is
necessary to write down the low-energy effective theory in terms of photons, pions, nucleons and axions only.
In the low-energy theory, we can safely neglect interactions with Z and W bosons, and extract only the electro-
magnetic couplings {
TrLL˜ = 1
2
sin2 θW FemF˜em + · · ·
FF˜ = cos2 θW FemF˜em + · · · ,
(21)
after the rotation of neutral bosons by the weak angle θW . Accordingly, only two combinations out of the three ϕi
fields couple to the massless gauge fields: one to photons and gluons, the other to photons only. The former has
the correct couplings and transformation properties to be identified with the Peccei-Quinn axion. Its presence is a
consequence of the anomaly cancellation, and therefore of the choice of writing a six-dimensional gauge theory.
Now we turn the coupling to gluons into a coupling to quarks. This can be achieved by a chiral transformation.
Then, using the methods of current algebra, we rewrite the theory in terms of pions, and eliminate quarks and gluons.
Adding the coupling of pions to photons, responsible for the decay π0 → 2γ, yields the interaction terms needed to
compute all the contributions to the mass matrix of pions and axions. After all of these manipulations we can write
Lpi = 1
2
∂µπ
0∂µπ0 +
1
2
∂µa ∂
µa+
1
2
∂µ a
′∂µa′
− 1
2
(
π0 a a′
)
M2

 π
0
a
a′

 (22)
+
(π0
fpi
+
a
fa
+
a′
fa′
) α
8 π
Fµνe.m.F
ρσ
e.m. ǫµνρσ
where
M2 = ∆m2pi

 m
2
pi0/∆m
2
pi fpi/fa k + fpi/fa′
fpi/fa (fpi/fa)
2
f2pi/(fafa′)
k + fpi/fa′ f
2
pi/(fafa′) m
2
pi+
/∆m2pi(fpi/2m)
2 + (fpi/fa′)
2

 . (23)
The parameter m ≡ FV3 (αs/4π) and
k ≡ m
2
pi+
∆m2pi
md −mu
md +mu
fpi
2m
. (24)
6The masses mu and md are those of up and down quarks, fpi ≃ 93 MeV is the pion decay constant, mpi0 and mpi+
are the masses of the pions, while ∆m2pi ≡ m2pi0 −m2pi+ . The decay constants are normalized in such a way that the
partial decay rate of neutral pions into photons is
Γ(π0 → 2γ) = α
2m3pi
64π3 f2pi
≃ 7.6 eV . (25)
The partial diagonalization of this matrix makes it possible to identify the physical pion field and the couplings of the
two remaining light pseudoscalars a and a′. The coupling of the axions to the photon comes both from Eq. (21) and
pion-axion mixing. A stringent experimental bound to consider comes from helium burning lifetimes of red giants,
and imposes an upper limit to the coupling axion-photon [13]
gaγ < 10
−10 GeV−1 (26)
with
L = −1
4
gaγ a F
µν F˜µν . (27)
The limit of vanishing masses for axions can be used. In our case, we have that
gaγ ≡ α
π
√[
1
fa
(
1 +
∆m2pi
m2
pi0
)]2
+
[
1
fa′
(
1 +
∆m2pi
m2
pi0
+ k
fa′
fpi
∆m2pi
m2
pi0
)]2
. (28)
The coupling gaγ depends both on positive and negative powers of ∆c and ∆L—through the parameters m, fa and
fa′ in Eq. (28), which, in turns, come from the couplings in Eq. (14). For a fixed value of the radius R, there exists
a minimum of gaγ as a function of these free parameters. Taking this minimum and comparing it with the bound in
Eq. (26), yields a constraint on the possible values of R.
A similar bound is obtained by considering the coupling of axions to nucleons
L = −igaN N¯γ5N a , (29)
where, in our case
gaN =
gAmN
2
√[
1
fa
∆m2pi
m2
pi0
]2
+
[
1
fa′
(
∆m2pi
m2
pi0
+ k
fa′
fpi
∆m2pi
m2
pi0
)]2
, (30)
and gA is the axial nucleon coupling, whereas mN is the nucleon mass. Equation (30) is obtained by including only
the mixing between the neutral pion and the axion.
Limits coming from supernova SN1987a [15] impose
gaN < 3× 10−10 . (31)
The two bounds Eq. (26) and Eq. (31) give
1
R
> 106 TeV , (32)
which, applying Eq. (9), corresponds to
Mf > 10
11 TeV . (33)
We have thus obtained an explicit lower limit on the fundamental scale from the experimental bounds on axion
couplings.
7V. NEUTRINOS
Let us recall that right-handed neutrinos must be included in six dimensions in order to cancel the gravitational
anomalies. The Lagrangian in Eq. (17) has two mass terms for the neutrinos:
1
2
MN
(
NTC−1N − N¯CN¯T ) (34)
and the Dirac mass term induced by the Yukawa coupling after electroweak symmetry breaking. The latter has the
same structure of the other fermion masses mDν ≡ 〈φ0〉Yν = vYν/
√
2. Together they give rise to a neutrino mass
matrix (
0 mDν
mDν MN
)
, (35)
which is of the right form for the see-saw mechanism [17]. Since there is no symmetry to protectMN , the right-handed
Majorana mass term, it is reasonable to assume that MN ∼Mf . Accordingly the mass of the light neutrinos is given
by the see-saw expression:
mν ∼ (m
D
ν )
2
Mf
. (36)
Imposing the heaviest mass to be the one measured by atmospheric neutrino experiments,
√
∆m2atm ∼ (0.04÷ 0.09)
eV [16], we can estimate the required value for the Dirac mass term mDν for the lightest allowed Mf :
mDν ∼ (65÷ 100) GeV , (37)
which is consistent with the usual mass terms for fermions.
VI. HIGHER-ORDER OPERATORS
The model under consideration is non-renormalizable; it must be understood as the low-energy limit of a more
fundamental theory which gives additional interactions above the cut-off scale Mf . These interactions give rise to
operators suppressed by powers of 1/Mf that violate the global symmetries of the low-energy theory. However,
because of the limit we obtained for Mf , these effects are less worrisome than in models with large extra-dimensions
in which the typical scale of such operators is in the TeV range. Nevertheless, some potentially dangerous operators
must be checked. In particular, operators like
L ∼ 1
M2P
QQQL , (38)
could lead to too fast a proton decay unless MP is taken of the order of 10
16GeV. They are, however, excluded
by the residual discrete symmetries that remain after compactification from the SO(5, 1) Lorentz symmetry in six
dimensions [14].
Operators compatible with these discrete symmetries could, for an arbitrary phase in the coupling, lead to potentially
dangerous electric dipole moments
L = i e mψ
M2d
ψ¯σµνψFµν . (39)
Comparing d ≡ emψ/M2d with the experimental bound [18]
de < 2× 10−27 e cm , (40)
we find
M2d > 10
4TeV2 , (41)
8which is satisfied by several orders of magnitude for Md ∼ Mf imposing the bounds of Eq. (32) and Eq. (33). The
similar flavor violating operator
L = i e mµ
M2µ
e¯σµνµFµν , (42)
would induce the decay µ→ eγ with the partial rate
Γ(µ→ eγ) = αm
5
µ
M4µ
, (43)
where mµ is the muon mass. Comparing this with the experimental constraint [12],
Γ(µ→ eγ) < 4× 10−33TeV , (44)
yields
M2µ > 10
5TeV2 . (45)
Another class of potentially dangerous corrections comes from Kaluza-Klein states. The bounds we obtain for the
extra-dimensional volume justifies the approach of working with only the zero modes of the theory: the first Kaluza-
Klein excitations are at a scale much larger than that experimentally relevant and they can be safely neglected in the
computation of observable quantities. Those processes that take place in the standard model only at the one-loop level
could be an exception to this conclusion. However, no relevant effect is expected for our value of the compactification
radius (see, for instance, [19]).
VII. DISCUSSION
We have discussed the phenomenological consequences of a six-dimensional realization of the standard model.
The cancellation of a global anomaly imposes the presence of three generations [1]. Local anomaly cancellation
requires that the four-dimensional spectrum contains, besides the usual fields of the standard model, right-handed
neutrinos and axion fields. The axion fields solve the strong CP problem.
The fundamental scale of the theory is related to the decay constants of the axions; therefore, its value must be large
enough to evade experimental bounds. The fundamental scale is thus bounded. A problem of naturalness remains
because of the large scaleMf of the theory: the Higgs sector requires fine-tuning in order to protect the weak scale. A
dynamical explanation of the large difference between the electroweak symmetry breaking scale and the fundamental
scale is required because a supersymmetric version of the model has been shown to contain irreducible anomalies [1].
Without any further assumptions, a see-saw mechanism induced by the large mass scale of the theory provides in
a natural manner a neutrino mass in the range indicated by atmospheric experiments.
In order to evade the bounds on axion physics, it has been suggested to add mass terms localized at the fixed
points of the orbifold for the pseudoscalars [1]. Massive pseudoscalars are not axions: they cannot be used to solve
the strong CP problem, because of the lack of translational invariance. If heavy enough, they decouple from the
low-energy phenomenology, and limits from axion physics do not apply. Such a term for b and b′ is forbidden by gauge
invariance of the six-dimensional theory. If it is possible to write it for c and c′, by changing Eq. (15) and Eq. (16),
still the strong CP problem is solved, thanks to the fields b and b′. Their couplings involving only positive powers of
∆L and ∆c, no bound can be deduced for R. In particular 1/R ∼TeV can be compatible with experiments, choosing
∆L ∼ ∆c ∼ 10 GeV.
Nevertheless, while a softening of the hierarchy problem in the Higgs sector would be accomplished in this way,
translating it into the dynamical problem of understanding the big difference between the scale of the large extra-
dimensions and the fundamental scale of the theory, the lowering of this scale would require unnaturally small couplings
in higher order operators and loop dominated processes, giving potentially large contributions to electroweak precision
observables, flavor changing processes [19] and CP violating quantities as electric dipole moments (see Eq. (41)).
Furthermore, the good prediction for neutrino masses would be lost, and their smallness in comparison to the other
fermions would again be unnatural, in presence of TeV scale right-handed neutrinos.
Acknowledgments
We thank L. Bonora and M. Serone for useful discussions. This work is partially supported by the European TMR
Networks HPRN-CT-2000-00148 and HPRN-CT-2000-00152.
9[1] B. A. Dobrescu and E. Poppitz, Phys. Rev. Lett. 87, 031801 (2001) [hep-ph/0102010].
[2] E. Witten, Phys. Lett. B 117 (1982) 324.
[3] M. B. Green and J. H. Schwarz, Phys. Lett. B 149, 117 (1984).
[4] P. H. Frampton and K. Yamamoto, Phys. Lett. B 156, 345 (1985).
[5] E. Witten, Phys. Lett. B 149, 351 (1984). Nucl. Phys. B 268, 79 (1986).
[6] B. Adeva et al. [L3 Collaboration], Phys. Lett. B 275, 209 (1992);
D. Decamp et al. [ALEPH Collaboration], Phys. Lett. B 235, 399 (1990).
[7] P. H. Frampton and T. W. Kephart, Phys. Rev. Lett. 50, 1343 (1983) [Erratum-ibid. 51, 232 (1983)]; Phys. Rev. D 28,
1010 (1983).
[8] B. Zumino, UCB-PTH-83/16 Lectures given at Les Houches Summer School on Theoretical Physics, Les Houches, France,
Aug 8 - Sep 2, 1983.
[9] R. D. Peccei and H. R. Quinn, Phys. Rev. Lett. 38, 1440 (1977); Phys. Rev. D 16, 1791 (1977).
[10] F. Wilczek, Phys. Rev. Lett. 40, 279 (1978);
S. Weinberg, Phys. Rev. Lett. 40, 223 (1978).
[11] J. E. Kim, Phys. Rev. Lett. 43, 103 (1979);
M. A. Shifman, A. I. Vainshtein and V. I. Zakharov, Nucl. Phys. B 166, 493 (1980);
A. R. Zhitnitsky, Sov. J. Nucl. Phys. 31, 260 (1980) [Yad. Fiz. 31, 497 (1980)];
M. Dine, W. Fischler and M. Srednicki, Phys. Lett. B 104, 199 (1981).
[12] Review of Particle Physics, E. Phy. J. C 15 (2000)1.
[13] G. G. Raffelt, Phys. Rev. D 33, 897 (1986).
[14] T. Appelquist, B. A. Dobrescu, E. Ponton and H. Yee, hep-ph/0107056.
[15] G. G. Raffelt, Phys. Rept. 198, 1 (1990).
[16] H. Sobel, Nucl. Phys. Proc. Suppl. 91 (2001) 127.
[17] M. Gell-Mann, P. Ramond and R. Slansky, Print-80-0576 (CERN).
[18] E. D. Commins, S. B. Ross, D. DeMille and B. C. Regan, Phys. Rev. A 50, 2960 (1994).
[19] A. Delgado, A. Pomarol and M. Quiros, JHEP 0001, 030 (2000) [hep-ph/9911252];
T. Appelquist and B. A. Dobrescu, hep-ph/0106140;
